Tumour immunotherapy offers new options for treating metastatic cancer. Novel therapeutics that induce anti-tumour immunity such as immune checkpoint inhibitors^[@R1]^, chimeric antigen receptor cell therapies^[@R2]^, and tumour-associated antigen cancer vaccines^[@R3]^ show considerable progress but the development of immunotherapy for cancer is in an early stage and it is clear that, as with other cancer therapies, immunotherapies will likely be combined for optimal efficacy. Combinations of checkpoint blocking antibodies have additive effects clinically^[@R4]^ and have demonstrated synergy with immune agonists ^[@R5]^ and conventional chemotherapy^[@R6]^.

An option with limited recent exploration is direct application of immunostimulatory reagents into the suspected metastatic site or into an identified tumour. This approach, *in situ* vaccination, modulates the local microenvironment to relieve immunosuppression and potentiate anti-tumour immunity against antigens expressed by the tumour. Oncolytic virus^[@R7]^ and STING agonist^[@R8]^ are being tested in clinical trials as *in situ* vaccination adjuvants against metastatic melanoma. The response induced by such treatment modalities can lead to systemic anti-tumour immune responses against unrecognised metastases and, since the treatments are local, the side effects are reduced.

Immunotherapy with nanoparticles is a minimally explored area with significant promise for oncology. Research into nanoparticles as cancer therapies has largely focused on them as a delivery platform for conventional chemotherapeutics^[@R9]^. However, the tendency of nanoparticles to interact with and to be ingested by innate immune cells gives them potential as immunostimulatory agents that modulate the characteristics of the ingesting innate immune population.

VLPs refer to the spontaneous organisation of viral coat proteins into the three dimensional structure of a particular virus capsid. VLPs are in the 20--500nm size range, but lack virus nucleic acid, so are non-infectious. VLPs are deployed as antigen components of anti-viral vaccines against a variety of infectious counterpart viruses including cancer-causing hepatitis B^[@R10]^ and human papilloma virus and work via generation of neutralising antibodies against viral coat proteins^[@R11]^.

Recent studies have demonstrated that some VLPs possess inherent immunogenic properties that stimulate immune responses against pulmonary infectious agents lacking any antigenic relationship to the VLP^[@R12]^. These include methicillin-resistant *Staphylococcus aureus* (MRSA)^[@R13]^, *Coxiella burnetii*^[@R14]^, and influenza^[@R14]--[@R16]^. Protective immunity in these models was associated with leukocyte recruitment, activation, and increased antigen-processing capabilities^[@R13],[@R14]^, formation of inducible bronchus-associated lymphoid tissue^[@R14]^, and stimulation of CD4^+^ T and B lymphocytes^[@R14]^ and CD8^+^ T cells^[@R15]^. The mechanistic basis of immunomodulation by any VLP is not known, but it is likely that some VLPs have more of that capacity than others.

We sought to investigate whether VLPs could be utilised for treating cancer. Cowpea mosaic virus (CPMV) self-assembles into 30nm icosahedral structures. It consists of 60 copies each of small and large coat protein units^[@R17]^. CPMV is a plant virus that can be produced through molecular farming in plants. The particle used in this study is the empty CPMV (eCPMV) VLP system, which does not carry any nucleic acids and is non-infectious. *In planta* production avoids endotoxin contamination that may be a byproduct of VLPs generated in *E. coli*. eCPMV is stable and can be modified to deliver cargo such as drugs or antigens in its hollow core or covalently linked to its coat proteins, and its production is scalable^[@R18],[@R19]^. We have investigated the efficacy of the eCPMV nanoparticle as an immunotherapy in models of metastatic lung melanoma and other cancers and found it has striking efficacy in mouse models as an *in situ* vaccination reagent.

eCPMV nanoparticles are immunogenic and suppress lung tumours {#S1}
=============================================================

For our proposed use of eCPMV as a novel immunotherapy, we first sought to determine its inherent immunogenicity. eCPMV VLPs, lacking any known immunostimulatory component, were added to *in vitro* cultures of bone marrow-derived dendritic cells (BMDCs) and primary macrophages harvested from C57BL6 mice. Twenty-four hours of culture with eCPMV particles induced both BMDCs ([Fig. 1a](#F1){ref-type="fig"}) and macrophages ([Fig. 1b](#F1){ref-type="fig"}) to secrete higher levels of canonical pro-inflammatory cytokines including Il-1β, Il-6, Il-12p40, Ccl3 (MIP1-α), and Tnf-α, leading us to conclude that eCPMV is inherently immunostimulatory.

We next determined the immunomodulatory effect of eCPMV inhalation on the lung microenvironment, both in terms of immune cell composition and changes in cytokine and chemokine levels. Exposure of non-tumour-bearing mouse lungs to eCPMV revealed significant activation of Ly6G^+^ neutrophils 24 hours after exposure as assessed by their upregulation of the CD11b activation marker^[@R20]^ ([Fig. 2a](#F2){ref-type="fig"} top 2 panels labeled "no tumour" and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) and CD86 co-stimulatory marker ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). Interior Alexa488-labeling of the particle allowed for cell tracking without changing the exterior structure of the eCPMV (10), which enabled us to confirm that it is this CD11b^+^Ly6G^+^ activated neutrophil subset, specifically, that takes up the eCPMV ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

Lungs of mice bearing B16F10 melanoma tumours revealed a more complex immune cell composition. By day 7 we were able to observe the emergence of large populations of immunosuppressive CD11b^+^Ly6G^−^F4/80^lo^class-II^−^SSC^lo^ monocytic myeloid-derived suppressor cells (MDSCs) and CD11b^+^Ly6G^+^F4/80^−^class-II^mid^SSC^hi^ granulocytic MDSCs ([Fig. 2a](#F2){ref-type="fig"} bottom panels and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"})^[@R21]^. We also observed the presence of a small population of CD11b^hi^Ly6G^hi^class-II^mid^CD86^hi^ cells that have been described in the literature as "tumour-infiltrating neutrophils" or "N1 neutrophils." These cells are known to exert an anti-tumour effect through coordination of adaptive immune responses, production of pro-inflammatory cytokines, recruitment of T and NK cells, and direct cytotoxicity to tumour cells^[@R22],[@R23]^. Inhalation of eCPMV into B16F10-bearing lungs dramatically altered the immune cell composition 24 hours after administration. We observed significant increases in the tumour-infiltrating neutrophil (TIN) and CD11b^+^Ly6G^+^ activated neutrophils populations, as well as a reduction in CD11b^−^Ly6G^+^ quiescent neutrophils ([Fig. 2a](#F2){ref-type="fig"} bottom panels, see arrows). TIN and activated CD11b^+^ neutrophil populations increased dramatically both as a percentage of CD45^+^ cells and also in total number ([Fig. 2b](#F2){ref-type="fig"}). Interestingly, it is these neutrophil subpopulations that took up the vast majority of eCPMV particles, particularly TINs that took up 10-fold more eCPMV than CD11b^+^ activated neutrophils ([Fig. 2c](#F2){ref-type="fig"}). Monocytic MDSC, quiescent neutrophil, and alveolar macrophage populations did not take up eCPMV, and granulocytic MDSCs displayed uneven uptake. The TIN and activated neutrophil populations also expressed MHC class-II and the TINs, in particular, displayed high levels of co-stimulatory marker CD86, indicating potential antigen presentation and T cell priming capability.

Activation of neutrophil populations by eCPMV is consistent with data collected from a multiplexed cytokine/chemokine array performed on whole lung homogenate of B16F10 tumour-bearing lungs treated with eCPMV or PBS ([Fig. 2d](#F2){ref-type="fig"}). Specifically, we saw significant increases in neutrophil chemoattractants GM-CSF, Cxcl1, Ccl5, and MIP-1α^[@R22]^ and significant increases in cytokines and chemokines known to be produced by activated neutrophils such as GM-CSF, Il-1β, Il-9, Cxcl1, Cxcl9, Cxcl10, Ccl2, MIP-1α, and MIP-1β^[@R23]^. Interestingly, we observed no or modest increases in levels of Il-6 and Tnf-α, classical pro-inflammatory cytokines which may be detrimental in the context of lung immunobiology. The lack of acute lung injury was confirmed by histology of eCPMV- and PBS-treated lungs 24hr after intubation. Immune cell infiltration and the degree of alveolar wall thickening were slightly more pronounced in eCPMV-treated lungs compared to PBS-treated, but the difference was not statistically significant. There was also no difference in lung weight. Moreover, we did not observe any toxicity to other major organs including liver, kidney, heart, and spleen ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

We determined whether the inherent immunogenicity of the eCPMV particle in the lung could induce anti-tumour immunity in the B16F10 intravenous model of lung metastatic melanoma. Indeed, weekly intratracheal injection of 100μg of eCPMV ([Fig. 3a](#F3){ref-type="fig"}) resulted in significantly reduced tumour burden as assessed by both metastatic-like tumour foci number ([Fig. 3b,c](#F3){ref-type="fig"}) and tyrosinase expression ([Fig. 3d](#F3){ref-type="fig"}). Tyrosinase-related protein 1 (Tyrp1) is a melanocyte-specific gene^[@R24]^ whose expression in the lung is restricted to B16F10 tumour cells, which provides a different, more quantitative measure of tumour development and serves as a control for the varying sizes of metastatic-like foci.

Anti-tumour efficacy is immune-mediated and broadly applicable {#S2}
==============================================================

We determined whether the immune system was required for treatment efficacy by repeating our experimental design described in [Figure 3](#F3){ref-type="fig"} in the following transgenic mice: Il-12^−/−^, Ifn-γ^−/−^, and NOD/scid/IL2Rγ^−/−^. We did not observe a significant difference in lung tumour burden between eCPMV- and PBS-treated mice in the absence of Il-12 ([Fig. 4a](#F4){ref-type="fig"}), Ifn-γ ([Fig. 4b](#F4){ref-type="fig"}), or in NOD/scid/Il2Rγ^−/−^(NSG) mice lacking T, B, and NK cells ([Fig. 4c](#F4){ref-type="fig"}).

eCPMV accumulates in and activates neutrophils in the lungs of B16F10 tumour-bearing mice ([Fig. 2a--c](#F2){ref-type="fig"}). Additionally, we detected significant increases in neutrophil-associated cytokines and chemokines in the mouse lung following eCPMV inhalation ([Fig. 2d](#F2){ref-type="fig"}). Therefore, we depleted neutrophils using an anti-Ly6G monoclonal antibody to assess the necessity of neutrophils for treatment efficacy. Depletion of neutrophils from tumour-bearing mice abrogated the anti-tumour effect that we observed in WT mice ([Fig. 4d](#F4){ref-type="fig"}). This, combined with the lack of efficacy observed in Il-12^−/−^, Ifn-γ^−/−^, and NSG mice leads us to conclude that the anti-tumour effect of eCPMV inhalation on B16F10 development is through immunomodulation of the lung tumour microenvironment and, in contrast to most tumour immunotherapies, requires neutrophils.

We sought to ascertain whether eCPMV treatment efficacy was restricted to the B16F10 metastatic lung model or if the immunomodulatory anti-tumour effect could transfer to other models. To study treatment of truly metastatic disease in the lung, we utilised the 4T1 BALB/c syngeneic breast cancer model, a transferrable yet genuinely metastatic model. 4T1 tumours established in the mammary fat pad spontaneously metastasise to the lung by day 16, at which point we surgically removed the primary tumour and began eCPMV treatment, injecting intratracheally to affect lung tumour development. The 4T1 cells also expressed luciferase, allowing us to track metastatic lung tumour development. Mice treated intratracheally with eCPMV particles had significantly delayed lung tumour onset and significantly extended survival ([Fig. 5a](#F5){ref-type="fig"}). Mice from eCPMV and PBS treatment groups had comparable primary mammary fat pad tumour burden at day of surgical removal ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Therefore, differences in tumour development and survival were due to treatment. No mice from either group experienced recurrence of primary mammary fat pad tumours.

To determine whether the eCPMV particle's unambiguous efficacy in both the B16F10 and 4T1 metastatic lung models was unique to the lung immune environment, we also tested its ability to treat dermal tumours. Intradermal CT26 tumour colon growth was significantly delayed following direct injection with eCPMV ([Fig. 5b](#F5){ref-type="fig"}) and treated tumours rapidly developed necrotic centres.

We also investigated the therapeutic effect of eCPMV in a model of disseminated peritoneal serous ovarian carcinoma^[@R25]^. ID8-*Defb29/Vegf-A*-challenged mice treated weekly with eCPMV exhibited significantly improved survival relative to PBS-treated controls ([Fig. 5c](#F5){ref-type="fig"}).

eCPMV immunotherapy induces systemic anti-tumour immunity {#S3}
=========================================================

Finally, we tested the efficacy of eCPMV in treating dermal B16F10 melanomas. Direct injection of eCPMV resulted in the rapid formation of necrotic centres within the tumours ([Fig. 6a](#F6){ref-type="fig"}) and, in half of the eCPMV-treated mice, resulted in elimination of the tumours altogether after only two treatments ([Fig. 6b, 6c](#F6){ref-type="fig"}). eCPMV intratumoural injection was superior to direct injection with other profoundly immunogenic compounds including LPS, poly(I:C), and the STING agonist DMXAA, none of which induced complete or durable tumour regression ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). We also tested whether *in situ* vaccination with the eCPMV particles had induced systemic anti-tumour immunity against B16F10 tumours. Surviving mice ([Fig. 6c](#F6){ref-type="fig"}) were re-challenged with B16F10 on their contralateral flanks 4 weeks after complete disappearance of their primary tumours was confirmed. Mice previously cured of primary B16F10 flank tumours by intratumoural injection of eCPMV exhibited resistance to secondary re-challenge ([Fig. 6d](#F6){ref-type="fig"}), with 3 of 4 re-challenged mice completely rejecting the re-challenge. This indicates that direct injection of primary tumours with eCPMV nanoparticles had induced a protective systemic immune response against B16F10 tumours. It is important to note that the anti-tumour effects of eCPMV in the tested models are not attributable to direct tumour cell cytotoxicity, as exposure to high concentrations of the particle *in vitro* had no effect on cancer cell viability or proliferation ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Therefore, we conclude that the striking anti-tumour effect induced by eCPMV nanoparticle treatment is fully immune-mediated and translatable to a variety of tumour models across diverse anatomical sites.

Conclusions {#S4}
===========

eCPMV nanoparticles are immunotherapeutic to a high degree and clearly modulate the tumour immune environment. There are no previously recognised immunostimulatory reagents in eCPMV. Other self-assembling plant virus-like particles such as Papaya Mosaic Virus nanoparticles have been shown to possess adjuvant-like properties, but these were attributable to ssRNA in the particle, as immunogenicity required TLR7^[@R26]^. eCPMV is RNA-free, as determined by extensive characterisation ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"})^[@R17]^. Therefore, the immunostimulatory effect is not dependent on TLR stimulation by RNA. Additionally, eCPMV is unlike VLPs that are manufactured in *E. coli* or other microorganisms that may contain immunogenic contaminants. Endotoxin levels measured using a *Limulus* Amebocyte Lysate assay revealed no detectable LPS. We hypothesise that the immunogenicity of eCPMV is attributable to the structure of the VLP. Immunogenicity of the bacteriophage Qβ virus-like particle is related to its particulate nature^[@R27]^. The repetitive protein structure of viral capsid nanoparticles may constitute a novel pathogen-associated molecular pattern. We cannot, however, test the immunogenicity of free CPMV single coat proteins as was done with Qβ^[@R27]^ since isolated S and/or L coat proteins from CPMV virions are insoluble^[@R28]^. An alternative would be to test the immunogenicity of VP60, the precursor to the self-assembling mature CPMV coat proteins or identify other VLPs with similar anti-tumour immunogenicity that can be assayed after disassembly

eCPMV inhalation transforms the lung tumour microenvironment and both requires and activates Ly6G+ neutrophils, a population minimally associated with tumour immunotherapy. eCPMV has been shown to bind surface vimentin on cancer cells^[@R29],[@R30]^ and some antigen-presenting cells^[@R31]^, although it is not known if murine neutrophils have surface vimentin. eCPMV appears to target quiescent neutrophils and activate them and increases the frequency of CD11b^+^class-II^+^CD86^hi^ tumour-infiltrating neutrophils. In fact, activated and tumour-infiltrating, or "N1", neutrophils are the only innate immune cell populations that significantly change following eCPMV lung exposure, both dramatically increasing as a percentage of CD45^+^ cells (from 3% to 21%), and in total number ([Fig. 2b](#F2){ref-type="fig"}). Neutrophils are viewed canonically as sentinels for microbial infection that quickly engulf and kill bacteria before undergoing apoptosis. It appears that neutrophils possess phenotypic plasticity analogous to the M1/M2 polarisation of macrophages^[@R22]^. Studies have shown infiltration of an immunosuppressive, pro-angiogenic "tumour-associated neutrophil" population in B16F10 metastatic lung^[@R32]^, human liver cancer^[@R33]^, sarcoma^[@R34]^, and lung adenocarcinoma^[@R35]^ that is correlated with enhanced tumour progression. Alternatively, depletion of tumour-resident immunosuppressive neutrophils, conversion of them to a pro-inflammatory phenotype, or recruitment of activated neutrophils into the tumour microenvironment is associated with therapeutic efficacy^[@R22]^. Activated neutrophils can directly kill tumour cells via release of reactive oxygen intermediates^[@R23]^, but can also prime CD4^+^ T cells and polarise them to a Th1 phenotype^[@R36],[@R37]^, cross-prime CD8^+^ T cells^[@R38]^, and modulate NK cell function^[@R23]^. Activated neutrophils can produce Cxcr3 ligands Cxcl9 and Cxcl10 that recruit CD4^+^ and CD8^+^ T cells^[@R39]^ that are correlated with anti-tumour immunotherapeutic efficacy in melanoma models^[@R40],[@R41]^. Our data showing increased immunostimulatory neutrophil populations ([Fig. 2b](#F2){ref-type="fig"}) correlates with our cytokine data ([Fig. 2d](#F2){ref-type="fig"}) of increases in neutrophil chemoattractants as well as cytokines and chemokines produced by neutrophils. This data also correlates with our *in vivo* tumour progression data showing that neutrophils are required for eCPMV anti-tumour efficacy.

Interestingly, although many cytokine and chemokine levels were elevated to a statistically significant degree following eCPMV treatment, changes were modest when compared to the dramatic differences in actual tumour burden ([Fig. 3b--d](#F3){ref-type="fig"}). Moreover, we did not observe large increases in pro-inflammatory cytokines Tnf-α or Il-6 that are known to cause lung tissue damage^[@R42]^. It appears that eCPMV treatment of lung tumours is effective without eliciting the inflammatory cytokines that cause acute lung injury. This assertion is further supported by histology showing lack of injury or inflammation in lung tissue or other major organs in eCPMV-treated animals ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Slight thickening of the alveolar wall, observed in both eCPMV and PBS groups, was likely caused by the intratracheal injection itself rather than eCPMV-treatment.

eCPMV inhalation exhibited efficacy as a monotherapy ([Fig. 3](#F3){ref-type="fig"}) that is very clearly immune-mediated ([Fig. 4](#F4){ref-type="fig"}). This is novel because the eCPMV particle does not directly kill tumour cells ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}) or share any antigenic overlap with B16F10 tumours, but induces an anti-tumour response that requires Th1-associated cytokines Il-12 ([Fig. 4a](#F4){ref-type="fig"}) and Ifn-γ ([Fig. 4b](#F4){ref-type="fig"}), adaptive immunity ([Fig. 4c](#F4){ref-type="fig"}), and neutrophils ([Fig. 4d](#F4){ref-type="fig"}). This suggests that the inherent immunogenicity of the eCPMV nanoparticle, when introduced into the lung, disrupts the tolerogenic nature of the tumour microenvironment, either facilitating a pre-existing anti-tumour immune response, or stimulating a *de novo* anti-tumour response, or both.

This work also shows that eCPMV anti-tumour efficacy in the intravenous B16F10 metastatic lung model is not an artifact of the C57BL6 mouse strain or the B16F10 model, as eCPMV therapy works impressively in ovarian carcinoma and two BALB/c models of metastatic breast and colon cancer ([Fig. 5](#F5){ref-type="fig"}). Constitutive luciferase expression in 4T1 breast carcinoma cells and intradermal challenges of B16F10 and CT26 allowed us to measure tumour progression in real time in a manner not feasible in the B16F10 lung model. We observed a potent and rapid anti-tumour effect that significantly delayed tumour progression and, in the intradermal tumours, induced rapid involution of established tumours and formation of necrotic centres ([Fig. 5b](#F5){ref-type="fig"} and [Fig. 6a](#F6){ref-type="fig"}). Such early responses to eCPMV---3 days post-intratumoural injection---suggest that eCPMV particles are inducing innate immune cell-mediated anti-tumour responses.

While we are cautious about quantitatively comparing treatments conducted in different labs, it is worth noting that eCPMV appears particularly potent in treating ovarian cancer. Mice receiving eCPMV in the ID8-*Defb29/Vegf-A* ovarian model survive longer in comparison to mice treated with other reported immunotherapies in this model including live, attenuated *Listeria monocytogenes* strain^[@R43]^, avirulent *Toxoplasma gondii*^[@R44]^, combination agonistic CD40 and poly(I:C)^[@R45]^, or Il-10 blocking antibody^[@R46]^. Direct injection of B16F10 dermal melanoma tumours with eCPMV induced complete regression of tumours in half of the treated mice and, in these mice that cleared primary tumours, resulted in systemic protective anti-tumour immunity. These observations suggest T-cell mediated immune memory against tumour antigens. eCPMV treatment was superior in direct comparison to high dose LPS, poly(I:C), and STING agonist ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

We present here the first report of a VLP-based nanoparticle utilised directly as a cancer immunotherapy agent rather than delivery platform and, furthermore, an immunotherapy that specifically targets and activates neutrophils within the tumour microenvironment to coordinate downstream anti-tumour immune responses. The eCPMV nanoparticle, alone, is immunogenic and highly effective as a monotherapy. However, it can also serve as a nanocarrier for tumour antigens, drugs, or immune adjuvants, opening up the exciting possibility that eCPMV can be modified to deliver a payload that further augments and improves its immunotherapeutic efficacy.

The eCPMV nanoparticle is an effective immunotherapy against tumours originating from a variety of organs. Efficacious does of eCPMV are well-tolerated with no observable toxic side-effects. In summary, the eCPMV self-assembling VLP is an exciting new platform for the treatment of cancer that exerts its therapeutic efficacy through unleashing the power of anti-tumour immunity.

Methods {#S5}
=======

eCPMV Production and Characterisation {#S6}
-------------------------------------

eCPMV capsids were produced through agroinfiltration of *Nicotiana benthamiana* plants with a culture of *Agrobacterium tumefaciens* LBA4404 transformed with the binary plasmid pEAQexpress-VP60-24K, which contains genes for the coat protein precursor VP60 and its 24K viral proteinase to cleave it into its mature form. Six days post infiltration, the leaves were harvested and eCPMV extracted using established procedures (51). PVPP was added during purification to remove plant phenolics. Dye-labeled formulations were made by reacting eCPMV with Alexa Fluor 488 maleimide at 2mg/mL concentration with 10% (v/v) DMSO in 0.1M potassium phosphate buffer then purifying by ultracentrifugation pelleting. The particle concentration was measured using UV/Vis spectroscopy (ε280nm = 1.28mg^−1^mLcm^−1^), and particle integrity was determined by transmission electron microscopy, fast protein liquid chromatography, and agarose gel electrophoresis. Capsid proteins were further analysed by SDS-PAGE and Western blotting. Quantification of LPS in the sample was measured using an LAL Chromogenic Endotoxin Quantitation Kit (Pierce) and revealed LPS levels below the detectable level of 50pg/50μg of eCPMV. Full characterisation of eCPMV particles is available in [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}.

Mice {#S7}
----

C57BL/6J (01C55) females were purchased from the National Cancer Institute or The Jackson Laboratory. Il-12p35−/− (002692), Ifn-γ−/− (002287), BALB/c (000651), and NOD/scid/Il2Rγ−/− (005557) female mice were purchased from The Jackson Laboratory. Mice used in experiments were 8--10 weeks of age. All mouse studies were performed in accordance with the Institutional Animal Care and Use Committee of Dartmouth.

Tumour Models {#S8}
-------------

The B16F10 murine melanoma cell line was obtained from Dr. David Mullins (Geisel School of Medicine at Dartmouth College, Hanover, New Hampshire). 4T1-luciferase murine mammary carcinoma cells were provided by Ashutosh Chilkoti (Duke University, Durham, NC). B16F10, 4T1-luc, and CT26 were cultured in complete media (RPMI supplemented with 10% FBS and penicillin/streptomycin). ID8-*Defb29/Vegf-A* orthotopic ovarian serous carcinoma cells were cultured in complete media supplemented with sodium-pyruvate (52) as previously described. Cells were harvested, washed in phosphate-buffered saline (PBS), and injected in the following manner depending on tumour model: 1.25×10^5^ live cells injected intravenously in 200μL PBS in the tail vein (B16F10 metastatic lung), 1.25×10^5^ live cells injected intradermally in 30μL PBS in the right flank (B16F10 flank), 1×10^5^ live cells injected intradermally in 30μL PBS in the right flank (CT26 flank), 2×10^6^ live cells injected intraperitoneally in 200μL PBS (ID8-*Defb29/Vegf-A* peritoneal ovarian). Surviving mice from B16F10 flank direct injections were re-challenged per the same protocol on the contralateral flank 4 weeks following disappearance of primary tumours. For 4T1-luc tumour challenge, 1×10^5^ live cells were injected in 30μL of PBS into the left mammary fat pad on day 0 and the tumour was surgically removed on day 16, a day by which it is well-established that the tumour has spontaneously metastasised to the lung (53). Complete removal of primary 4T1-luc tumours was confirmed by bioluminescent imaging. B16F10 and ID8-*Defb29/Vegf-A* are syngeneic for the C57BL6J strain, whereas CT26 and 4T1-luc are syngeneic for the BALB/c background. In regards to authentication of the cell lines, none of the cell lines used in this publication are listed in the Database of Cross-Contaminated or Misidentified Cell Lines of ICLAC. All cell lines have been tested for mycoplasma contamination and found free of mycoplasma prior to freezing and then thawed and used experimentally.

eCPMV Treatment Scheduling {#S9}
--------------------------

WT, Il-12−/−, Ifn-γ−/−, NOD/scid/IL2Rγ−/−, and Ly6G-depleted mice challenged intravenously with B16F10 were intubated and intratracheally injected with 100μg of eCPMV in 50μL PBS on days 3, 10, and 17 post-tumour challenge. For lung challenge experiments, mice were euthanised on day 21 for quantification of metastatic-like lesions and tyrosinase expression. 4T1-luc-bearing mice were intratracheally injected with 20μg of eCPMV in 50μL PBS on day 16 (same day as primary tumour removal) and again on day 23 (day 7 post-tumour removal). CT26 flank tumours were intratumourally injected with 100μg eCPMV on day 8 post-tumour challenge once they had reached 10mm2 and again on day 15. Flank tumour diameters were measured every other day and mice were euthanised when tumour diameters reached 200mm2. ID8-*Defb29/Vegf-A* mice were injected IP with 100μg of eCPMV weekly beginning on day 7 post-tumour challenge and euthanised when they reached 35g due to ascites development. B16F10 flank tumours were intratumourally injected with 100μg eCPMV on day 7 post-tumour challenge once tumours had reached 10mm2 and again on day 14. No animals enrolled in experiments were excluded during analysis. Tumour-challenged animals were randomised to treatment groups prior to commencement of treatment but were not blided for assessing outcome and data analysis.

Antibodies and Flow Cytometry {#S10}
-----------------------------

Anti-mouse antibodies were specific for CD45 (30-F11), MHC-II (M5/114.15.2), CD86 (GL-1), CD11b (M1/70), F4/80 (BM8), and Ly6G (1A8) from Biolegend and CD16/CD32 (93) from eBioscience. WT and B16F10 lung tumour-bearing mice were intratracheally injected with 100μg Alexa-488-labeled CPMV particles 24hr prior to euthanisation. Lungs were harvested and dissociated into single cell suspension using the Miltenyi mouse lung dissociation kit (cat\# 130-095-927). Red blood cells were removed using lysis buffer of 150mM NH4Cl, 10mM KHCO3, and 0.5mM EDTA. Flow cytometry was performed on a MACSQuant analyzer (Miltenyi). Data were analysed using FlowJo software version 8.7.

Tyrosinase mRNA Expression Analysis {#S11}
-----------------------------------

Whole lungs were dissociated and total RNA was extracted using the RNeasy kit (Qiagen, 74104). cDNA was synthesised using iScriptTM cDNA synthesis kit (Bio-Rad, 170-8891). q-PCR was performed on a CFX96TM Real-Time PCR Detection System (Bio-Rad) using iQTM SYBR® Green Supermix (Bio-Rad, 170-8882) with primers at a concentration of 0.5μM. Tyrp1 primer sequences are as follows: forward 5′-ACTTGATGGGATCCAGAAGC-3′, reverse 5′-CTGATTGGTCCACCCTCAGT-3′. mRNA transcript fold-change was calculated using the ΔCT method with all samples normalised to mouse Gapdh.

Cytokine Assay {#S12}
--------------

For *in vivo* cytokine data, total lung homogenate was harvested from B16F10 lung tumour-bearing mice 24hr post-inhalation of 100μg eCPMV particles, which was day 8 post-tumour challenge. For *in vitro* cytokine results, bone marrow-derived dendritic cells (BMDCs) and thioglycollate-stimulated peritoneal macrophages, both derived from C57BL6 mice, were cultured at 1×10^6^ cells/well in 200μL complete media in 96-well round-bottomed plates with either 20μg of eCPMV or PBS. Supernatant was harvested after 24hr incubation. Cytokines were quantified using mouse 32plex Luminex assay (MPXMCYTO70KPMX32, Millipore).

Cell Depletion {#S13}
--------------

Mice were injected with mAb depleting Ly6G (clone 1A8) that was purchased from Bio-X-Cell (cat\# BE0075-1) and administered IP in doses of 500μg one day prior to eCPMV treatment and then once weekly for the duration of survival experiments. Greater than 95% depletion of target cell populations in the lung was confirmed by flow cytometry ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}).

IVIS Imaging {#S14}
------------

Mice were injected IP with 150mg/kg of firefly D-luciferin in PBS (PerkinElmer cat\#122799) and allowed to rest for 10min. Imagining was conducted using the Xenogen VivoVision IVIS Bioluminescent and Fluorescent Imager platform and analysed with Living Image 4.3.1 software (PerkinElmer).

Statistics {#S15}
----------

Unless noted otherwise, all experiments were repeated at least 2 times with 4--12 biological replicates to enable statistical analysis and results were similar between repeats. Replicates were kept to between 4--12 due to cost considerations for *in vivo* work. Figures denote statistical significance of *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*. A *p*-value \< 0.05 was considered to be statistically significant. Data for bar graphs was calculated using unpaired Student's *t*-test. Error bars represent standard error of the mean from independent samples assayed within the represented experiments. Flank tumour growth curves were analysed using two-way ANOVA. Survival experiments utilised the log-rank Mantel-Cox test for survival analysis. Statistical analysis was done with GraphPad Prism 4 software.

Supplementary Material {#S16}
======================

###### 

Supplementary Fig. 1: eCPMV particles inhaled into WT mouse lung induces activation of quiescent neutrophils.

Supplementary Fig. 2: eCPMV particle is taken up by activated neutrophils in the WT mouse lung that express CD11b and CD86 co-stimulatory molecule.

Supplementary Fig. 3: Gating strategies and nomenclature for B16F10 lung tumour-bearing mice described in results section.

Supplementary Fig. 4: Histology on lungs and other major organs in eCPMV- and PBS-treated mice.

Supplementary Fig. 5: 4T1-luc primary flank tumours comparable between groups.

Supplementary Fig. 6: eCPMV direct comparison to other known adjuvants in dermal B16.

Supplementary Fig. 7: eCPMV particles are not directly tumouricidal.

Supplementary Fig. 8: Preparation and characterisation of eCPMV.

Supplementary Fig. 9: Neutrophil depletion validation.
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![eCPMV nanoparticles are inherently immuonogenic\
**a**, Bone marrow-derived dendritic cells (BMDCs) exposed to eCPMV produce elevated levels of pro-inflammatory cytokines *in vitro*. **b**, Thioglycollate-elicited primary macrophages also secrete significantly elevated levels of the same panel of cytokines. Both cell types (n = 6/group) were cultured for 24hr with 20μg eCPMV (dark gray bars) and cytokine levels were analysed using a multiplexed luminex array. Data for bar graphs calculated using unpaired Student's *t*-test with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f1){#F1}

![eCPMV inhalation induces dramatic changes in lung immune cell composition and cytokine/chemokine milieu in mice bearing B16F10 lung tumours\
**a**, Representative FACS plots pre-gated on live CD45^+^ cells of non-tumour-bearing mice treated with PBS (top left) or eCPMV (top right) and B16F10 lung tumour-bearing mice treated with PBS (bottom left) or eCPMV (bottom right). B16F10 mice were treated on day 7 post-B16F10 IV injection. Lungs were harvested 24hr after intratracheal injection of PBS or 100ug eCPMV. Labeling indicates (i) quiescent neutrophils, (ii) alveolar macrophages, (iii) monocytic MDSCs, (iv) granulocytic MDSCs, (v) tumour-infiltrating neutrophils, and (vi) activated neutrophils. Numbers beside circled groups are % of CD45^+^ cells. Arrows indicate TINs (blue) and CD11b^+^ activated neutrophils (red). Gating strategies available in [Supplemental Fig. 3](#SD1){ref-type="supplementary-material"}. **b**, Changes in innate cell subsets induced by eCPMV inhalation in tumour-bearing mice (n = 5/group) are quantified as a percentage of CD45^+^ cells (top) and total number of cells (bottom) as presented in panel **a. c**, Representative histograms for TINs (blue), activated neutrophils (red), alveolar macrophages (green), and monocytic MDSCs (orange) indicating mean fluorescence intensity (MFI) uptake of Alexa488-labeled CPMV, class-II, and CD86 activation markers. **d**, Lungs of B16F10 lung tumour-bearing mice (n = 5/group) exhibited elevated levels of pro-inflammatory cytokines and chemoattractants when treated with eCPMV as in panel **a**. Data for bar graphs calculated using unpaired Student's *t*-test with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f2){#F2}

![eCPMV inhalation reduces formation of B16F10 metastatic-like lung tumours\
**a**, Schematic of experimental design. **b**, Photographic images of lungs from eCPMV- and PBS-treated B16F10 tumour-bearing mice on day 21 post-tumour challenge. **c--d,** B16F10 lung metastatic-like tumour foci were quantified both by number in **c** or by qRT-PCR assay for melanocyte-specific Tyrp1 mRNA expression in **d** (n = 8 eCPMV, 7 PBS). Data for bar graphs calculated using unpaired Student's *t*-test with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f3){#F3}

![eCPMV treatment efficacy in B16F10 lung model is immune-mediated\
**a**, eCPMV inhalation did not significantly affect tumour progression when mice lack Il-12 (n = 7 eCPMV, 8 PBS). **b**, Treatment efficacy was also abrogated in the absence of Ifn-γ (n = 5/group). **c**, NOD/scid/Il2R-γ^−/−^ mice lacking T, B, and NK cells also failed to respond to eCPMV inhalation therapy (n = 5/group). **d**, Depletion of neutrophils with Ly6G mAb abrogates treatment efficacy (n = 5/group). Data for bar graphs calculated using unpaired Student's *t*-test with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f4){#F4}

![eCPMV immunotherapy is successful in metastatic breast, colon, and ovarian carcinoma models\
**a**, Mice challenged with 4T1 breast tumours and intratracheally injected with PBS rapidly developed (IVIS images) and succumbed (Kaplan-Meier) to metastatic lung tumours beginning on day 24 post-surgical removal of primary tumour, whereas tumour development was delayed and survival significantly extended in mice receiving intratracheal injection of eCPMV (n = 8 eCPMV, 5 PBS). **b**, Mice bearing intradermal flank CT26 colon tumours also responded to direct injection of eCPMV (arrows indicate treatment days) with significantly delayed growth when compared to PBS-injected controls (n = 5/group). **c**, eCPMV also proved successful as a therapy for ID8-*Defb29*/*Vegf-A* ovarian cancer-challenged mice, significantly improving survival when injected IP relative to PBS-injected controls (n = 4 eCPMV, 11 PBS). eCPMV-treated mice displayed no visible ascites on day 42 post-challenge while PBS-treated controls had reached endstage criteria. Survival experiments utilised the log-rank Mantel-Cox test for survival analysis and flank tumour growth curves were analysed using two-way ANOVA, with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f5){#F5}

![eCPMV induces systemic, durable anti-tumour immunity\
**a--b**, Mice bearing intradermal flank B16F10 tumours directly injected with eCPMV (arrows indicate treatment days) showed noticeably delayed tumour progression relative to PBS-injected controls (n = 8 eCPMV, 6 PBS). **c**, Half of eCPMV-treated mice experienced complete elimination of primary tumours (n = 8 eCPMV, 6 PBS). **d**, The majority of mice cured of primary tumours by eCPMV treatment and re-challenged on the opposite flank 4 weeks later failed to develop new tumours (n = 4/group). Survival experiments utilised the log-rank Mantel-Cox test for survival analysis and flank tumour growth curves were analysed using two-way ANOVA, with *p* \<0.05 as \*, *p* \<0.01 as \*\*, and *p* \<0.001 as \*\*\*.](nihms738066f6){#F6}
